Objective: To clarify longitudinal changes in white matter microstructures from the onset of disease in patients with West syndrome (WS) of unknown etiology. Methods: Diffusion tensor imaging (DTI) was prospectively performed at onset and at 12 and 24 months old in 17 children with WS of unknown etiology. DTI was analyzed using tract-based spatial statistics (TBSS) and tract-specific analysis (TSA) of 13 fiber tracts, and fractional anisotropy (FA) and mean diffusivity (MD) were compared with those of 42 age-matched controls. Correlations of FA and MD with developmental quotient (DQ) at age 24 months were analyzed. Multiple comparisons were adjusted for using the false discovery rate (q-value). Results: TBSS analysis at onset showed higher FA and lower MD in the corpus callosum and brainstem in patients. TSA showed lower MD in bilateral uncinate fasciculi (UF) (right: q < 0.001; left: q = 0.03) at onset in patients. TBSS showed a negative correlation between FA at onset and DQ in the right frontal lobe, whereas FA at 24 months old exhibited a positive correlation with DQ in the diffuse white matter. MD for bilateral UF at 24 months old on TSA correlated positively with DQ (q = 0.04, both). Significance: These findings may indicate the existence of cytotoxic edema in the immature white matter and dorsal brainstem at onset, and subsequent alterations in the diffuse white matter in WS of unknown etiology. Microstructural development in the UF might play important roles in cognitive development in WS.
| INTRODUCTION
West syndrome (WS) is an epileptic encephalopathy characterized by infantile onset of epileptic spasms, an abnormality on electroencephalography (EEG) called "hypsarrhythmia," and developmental regression. [1] [2] [3] Hypsarrhythmia is generally believed to disturb normal brain processing and development. 2, 4 Neuroimaging studies have led to the hypothesis that widespread networks of cortical and subcortical structures are involved in generation of hypsarrhythmia and epileptic spasms. [5] [6] [7] Elucidation of understanding of the pathophysiological mechanisms of WS. Diffusion tensor imaging (DTI) is a magnetic resonance technique visualizing the diffusion and anisotropy of water molecules. [8] [9] [10] [11] DTI has been used to study white matter abnormalities and altered structural connectivity in various neurological disorders. 8, 9 We have already demonstrated white matter abnormalities in children at 12 and 24 months of in WS of unknown etiology, using tract-based spatial statistics (TBSS) of DTI. 12 TBSS offers the advantages of being fully automated, providing information for the whole brain, and not requiring prespecified regions of interest (ROIs). 13 In contrast, a traditional ROI-based analysis called tract-specific analysis (TSA) provides values in specific fiber tracts, such as the uncinate fasciculus (UF) or inferior longitudinal fasciculus (ILF), which cannot be obtained by TBSS. These 2 methods of analysis offer different advantages and disadvantages.
The aim of the present study was to reveal white matter abnormalities at the onset of WS (ie, the encephalopathic period), and to assess subsequent developmental changes in the white matter fiber tracts using the 2 DTI analyses of TBSS and TSA. We also examined associations between white matter alterations and developmental outcomes. We hypothesized that the condition of epileptic encephalopathy in WS may cause changes to white matter networks that can be detected by DTI, and that these white matter alterations correlate with developmental outcomes. The present study adds information on white matter diffusion during the early stage to our previous study, and reveals dynamic changes in network abnormalities from the acute to chronic phase of WS.
| MATERIALS AND METHODS

| Standard protocol approvals, registrations, and patient consent
All study protocols were approved by the research ethics board of Nagoya University Graduate School of Medicine. After either oral or written informed consent was obtained from parents, participants in this study were enrolled prospectively from 2007 to 2014 at Nagoya University Hospital.
| Study population
Children were eligible when they were newly diagnosed with WS of unknown etiology, as in our previous report. 12 We diagnosed WS according to epileptic spasms on simultaneous video-electroencephalography (EEG) recording, and typical interictal EEG findings of hypsarrhythmia. Inclusion criteria comprised the following: (1) normal birth and absence of any etiological factors related to WS 14, 15 ; (2) normal development and absence of neurological abnormalities before the onset of spasms; (3) absence of other types of seizure before the onset of spasms; and (4) normal findings from laboratory tests (including serum lactic acid, pyruvic acid, ammonia, and plasma amino acid analysis as screening tests for inborn errors of metabolism), computed tomography (CT) and structural brain magnetic resonance imaging (MRI). Chromosomal abnormalities were investigated with G-banding or array comparative genomic hybridization. Patients were initially treated according to the following protocol. Clonazepam or other oral antiepileptic drugs were administered for 1 week. If oral antiepileptic pharmacotherapy failed to control spasms, adrenocorticotropic hormone (ACTH) therapy was initiated. Synthetic ACTH was injected intramuscularly at 0.015 mg/kg body weight/day for 2 weeks, and then EEG was assessed. ACTH therapy was ended when complete cessation of spasms and abolition of hypsarrhythmia were achieved. Daily ACTH therapy was provided for up to 4 weeks, followed by alternate-day administration for 1 more week.
All patients were followed by pediatric neurologists. At 24 months old, patients had developmental quotient (DQ) assessed using the Tsumori-Inage developmental questionnaire, which comprises 5 domains of gross motor skills, fine motor skills, sociality, activities of daily living, and language. 16 Total DQ was used in the present study, with total DQ < 70 defined as representing significant developmental delay.
| Controls
Controls were children for whom MRI had been performed because central nervous system abnormalities had been . Final diagnoses in controls were nonpathologic motion arrest (n = 1), breath-holding spell (n = 1), shuddering attack (n = 3), nonpathologic macrocephaly (n = 4), myasthenia gravis (n = 3), pigmented macules without neurocutaneous disorders (n = 1), dimple on the lower back (n = 1), peripheral facial nerve palsy (n = 1), nonpathologic facial laterality (n = 2), facial hemangioma without neurocutaneous disorders (n = 2), transient motor delay (n = 5), malnutrition (n = 1), gastric volvulus (n = 1), gastroenteritis (n = 2), nonpathologic arching back (n = 1), transient eyelid ptosis (n = 3), congenital ptosis (n = 2), congenital cataract without any other neurological abnormalities (n = 1), congenital nystagmus (n = 1), congenital diaphragmatic hernia without any complications (n = 4), and severe combined immunodeficiency before treatment (n = 1). Arachnoid cyst had been suspected from brain ultrasonography in 1 child, but conventional MRI did not reveal any abnormalities.
| Acquisition of DTI
Patients underwent MRI 3 times: at the onset of spasms before ACTH therapy; at 12 months old; and at 24 months old. The second and third scans were performed more than 1 month after completion of ACTH therapy to avoid the effects of brain shrinkage caused by ACTH administration. MRI was performed using a Trio 3-T scanner (Siemens, Erlangen, Germany) with a 32-channel phased-array head coil. DTI was acquired using a single-shot echo-planner imaging sequence with the following settings: 12 noncollinear diffusion directions (b-value = 1000 s/mm 2 ); nondiffusion gradient b-value, 0 s/mm 2 ; repetition time, 7800 msec; echo time, 84 msec; field of view, 269 mm 9 269 mm; matrix, 128 9 128; and 64 axial slices (voxel size = 2.1 9 2.1 9 2.1 mm 3 ). All patients were sedated with oral chloral hydrate (30-50 mg/kg body weight) before examination. If the patient was not sedated after chloral hydrate intake, intravenous midazolam or ketamine was administered with monitoring of oxygen saturation. In addition to DTI data, conventional MRI was performed with axial T1-weighted, T2-weighted, and fluidattenuated inversion recovery (FLAIR) images, sagittal T1-weighted images, and coronal T2-weighted images to examine structural abnormalities.
| DTI analysis 2.5.1 | TBSS analysis
DTI analysis was performed using TBSS as reported previously. 12 The fractional anisotropy (FA) skeleton was thresholded at FA > 0.2 before aligned FA data from each subject were projected onto the skeleton. Statistical tests to detect differences in FA between patients and controls were performed using a nonparametric permutation test with 5000 Monte Carlo simulations, because the null distribution for the computed diffusion parameter is unknown. Thresholdfree cluster enhancement was applied to find significant clusters of voxels (P < .05) and correct multiple comparisons for family-wise error. Age in months at the time of scanning was used as a nuisance covariate of no interest. Mean diffusivity (MD) profiles for all subjects were also registered using identical skeletal projection vectors to those of FA images, and MD was compared between patients and controls. Radial diffusivity (RD) and axial diffusivity (AD) profiles in patients at onset and in 11 age-matched controls were also registered using skeletal projection vectors identical to those of FA images, and RD and AD were compared between patients and controls. In addition, TBSS analysis was performed to assess the correlations of FA and MD at onset, 12 months old, and 24 months old with DQ at 24 months old.
| Tractography: TSA
Diffusion tensors were computed and fiber tract maps were created using dTV II on Volume-One 1.72 software (Tokyo University, Tokyo, Japan). 8 The FA threshold for tracking was set at 0.18, and stop length was set at 160 steps. [17] [18] [19] For analysis, ROIs were set on the following fiber tracts: the genu, body, and splenium of the corpus callosum (CC); bilateral corticospinal tracts (CST); bilateral cingula (CG); bilateral UF; bilateral ILF; and bilateral inferior occipitofrontal fasciculi (IOFF) (Figures 1 and S1 ). ROIs for each tractography were set as follows. (1) Data for the genu, body, and splenium of the CC were obtained with seed ROI areas in the anterior, middle, and posterior parts of white matter located in the midline of the CC in the sagittal plane. (2) CST data were obtained with the seed ROI in the white matter of the cerebral peduncle in an axial plane, with the target ROI in the gyrus precentral in an axial plane, and erasure of voxels in the caudal part from the level of the gyrus precentral before calculating mean values, because the CST extend to the spinal level. (6) Data for the IOFF were obtained with the seed ROI in the white matter of the frontal lobe in a coronal plane at the tip of the frontal horn of the lateral ventricle and with the target ROI in the white matter in a coronal plane at the tip of the occipital horn of the lateral ventricle in the occipital lobe. Colored FA maps were used to identify focal areas of each tract. Mean FA and MD of each fiber tract were measured. We evaluated FA and MD for 15 patients at onset, 12 months old, and 24 months old, and for all controls. We excluded 2 patients who showed motion artifacts on DTI at 12 and 24 months old. Intra-rater reliabilities from 13 tracts in 3 patients and 3 controls measured 1 month apart performed by one author (C.O.) were 0.2 AE 3.7% for FA and 0.1 AE 1.7% for MD. Interrater reliability from 13 tracts for FA and MD in the same 3 patients measured by 2 authors (C.O. and T.F.) were 0.2 AE 4.9% for FA and 0.6 AE 2.8% for MD.
| Statistical methods
Statistical analyses were performed using SPSS version 23.0 statistical software (IBM, Chicago, IL, USA). Comparison of DTI parameters on TSA between patients and controls was performed using analysis of covariance. Correlations of DTI parameters on TBSS and TSA at onset in patients with clinical factors including duration of ACTH therapy, the interval from onset of spasms to initial treatment, and seizure frequency before initial treatment were determined by partial correlation analysis (r). Age in months at the time of scans was used as a covariate. Correlation of DTI parameters at each time with DQ at 24 months old was determined by partial correlation analysis (r) as well. To address the multiplicity of testing, we estimated the q-value that controls the false discovery rate (FDR) as described by Benjamini and Hochberg. 20 Significance was established at the level of P < .05 (or q < 0.05).
3 | RESULTS
| Patient demographics
Seventeen of the enrolled 24 patients with WS of unknown etiology underwent serial DTI scans from onset to 24 months old and were included in the current study ( Table 1) . Six of 23 patients in our previous report 12 were not included in this study because DTI scans at onset had not been performed, another patient in our previous report 12 was not included in this study because DTI scan at onset had been performed using a different number of diffusion-encoding directions, and 1 new patient was added to the present study. Age at onset ranged from 3 to 8 months. ACTH therapy was administered in all patients except for 1 whose spasms were controlled with clonazepam. At 24 months old, 12 patients were 
| TBSS findings between patients and controls at onset
At onset, TBSS analysis showed that patient FA was elevated in the CC, dorsal part of the midbrain and pons, and the cerebellum (Figure 2A ). MD in patients was reduced in the dorsal part of the midbrain and pons and diffuse cerebral white matter, including CC and bilateral ILF (Figure 2B) . Patient RD was reduced in the dorsal part of the midbrain and pons, cerebellum, and widespread cerebral white matter, including the corpus callosum and left posterior limb of the internal capsule ( Figure 2C ). No areas of reduced FA, elevated MD, elevated RD, or reduced/elevated AD were identified in patients.
| TSA findings between patients and controls at onset
At onset, no significant differences in FA of any fiber tracts were evident between patients and controls (Table S1 ). MD was significantly lower in patients than in controls in the bilateral UF (right: q < 0.001, left: q = 0.03; Table S2 ). The difference in MD of the right ILF between patients and controls was marginally significant in the FDR-controlling approach (P = .01 and q = 0.05).
| Longitudinal TSA findings in patients
Overall, FA increased and MD decreased with age in all fiber tracts in both patients and controls (Tables S1 and  S2 ). Decreased MD in patients at onset was no longer detected at ≥12 months old, whereas decreased patient FA was detected at ≥12 months old in several fiber tracts, particularly in the bilateral UF. When patients were divided into 2 outcome groups, for patients with DQ at 24 months old of ≥70 and those with DQ <70, longitudinal FA seemed to show different trajectories in bilateral UF (Figure 3) . FA increased in an age-dependent manner in patients with DQ ≥70, but not in patients with DQ <70.
| Associations between DTI parameters
and clinical factors at onset MD in patients in the skeleton with significant difference on TBSS correlated negatively with duration of ACTH therapy (P = .01), whereas patient FA in the skeleton with a significant difference on TBSS showed no correlations with any clinical factors. Patient FA and MD on TSA showed no correlation with clinical factors.
| Correlation between DTI parameters
and DQ in patients TBSS showed negative correlations between FA at onset and DQ in the localized area in the right frontal lobe. FA at 12 months old had no correlation with DQ. FA at 24 months old revealed a positive correlation with DQ in the diffuse white matter ( Figure 4A ). MD at onset displayed no correlation with DQ, while MD at 12 and 24 months old correlated negatively with DQ in the diffuse white matter ( Figure 4B ). On the other hand, without adjustment for multiplicity based on the FDR-controlling approach, TSA showed that FA in the left UF and right ILF at onset correlated negatively with DQ (P = .04, P = .02, respectively), whereas right and left UF and right ILF at 24 months correlated positively with DQ (P = .01, P = .008, P = .04, respectively; Table S3 ). None of these correlations, however, were found under the FDR-controlling approach. MD in the right and left UF and right and left ILF at 24 months old showed significant negative correlations with DQ (P = .01, P = .02, P = .03, P = .02, respectively), as did bilateral UF and the left ILF (q = 0.04, all; Table S4 ).
| DISCUSSION
We performed a prospective, longitudinal DTI study of patients with WS of unknown etiology. TBSS at onset showed elevated FA in the CC, dorsal brainstem, and cerebellum, and reduced MD in the diffuse cerebral white matter and brainstem. This is the first report to show unique findings of DTI measurements at the onset of WS. We also showed that FA in the right frontal lobe at onset correlated negatively with developmental outcomes at 24 months of age. These findings indicate important pathological processes underlying the white matter abnormalities from onset to the chronic phase in patients with WS. Our results of elevated FA and reduced MD at the onset of WS likely reflect cytotoxic edema. Another possible explanation is accelerated myelination, as described in Sturge-Weber syndrome and hemimegalencephaly. [21] [22] [23] DTI abnormalities previously reported in various neurological disorders have generally shown the opposite findings of reduced FA and elevated MD, but subjects in those studies were scanned during the chronic phases of the disorders. 24 Of interest, a pattern similar to that of our results in DTI indices have been reported in adolescents with mild traumatic brain injury scanned within 1-6 days after injury, 25 and in patients with cerebral ischemia. 26, 27 Dysfunctions of cellular metabolism and failure of membrane ion pumps during the encephalopathic phase of WS may result in restricted diffusivity of water molecules in a more uniform direction (ie, restricted radially, not axially; Figure 2C ). Recent investigations into WS have highlighted an important role of neuroinflammation and related cytokines, including interleukin 1 receptor antagonist and interleukin 2, tumor necrosis factor alpha, and interferon alpha. [28] [29] [30] [31] [32] Such inflammatory processes can lead to glutamate excitotoxicity, activation of microglia, and swelling of astrocytes, which show rich expression of the aquaporin 4 water channel. All these factors can lead to cytotoxic edema. 33, 34 Thus during the acute encephalopathic period in WS, the continuous widespread epileptic activity represented by hypsarrhythmia on EEG may lead to microstructural cytotoxic edema and/or inflammation. Our findings of correlations between DTI parameters at onset and duration of ACTH therapy support the hypothesis that the long-lasting EEG abnormality of hypsarrhythmia is associated with worsened neurodevelopmental outcomes through prolonged cytotoxic edema. A similar study of patients with WS of unknown etiology by Fosi et al. 35 showed no differences in FA and MD between patients and controls on TBSS analysis at onset.
In that study, treatment using vigabatrin or high-dose oral prednisolone was initiated prior to MRI, and epileptiform activity had probably been reduced at that time in some patients. Therefore, Fosi et al. might not have detected genuine changes in the white matter at the onset of WS. In addition, our study was performed with 3.0-T MRI, whereas DTI by Fosi et al. was performed with 1.5-T MRI. The higher resolution of MRI might have contributed to the detection of more subtle microstructural changes of the white matter in our study. Furthermore, additional differences may arise from the different control group compared with that used by Fosi et al. 35 Considerable evidence suggests that the brainstem plays important roles in the generation of epileptic spasms and hypsarrhythmia in WS. 1 Abnormal function of serotonergic neurons in the dorsal brainstem raphe nuclei, which project to the cerebellum, cerebral cortex, and basal ganglia, are considered likely to cause the hypsarrhythmic EEG pattern. 36 Our results of elevated FA and reduced MD in the dorsal brainstem were detected only at the onset of WS, and were not followed by reduced FA and elevated MD at later ages, suggesting subtle damage that resolved over time. Conversely, other white matter fiber tracts, including the UF, generally showed reduced MD at onset and subsequent reductions in FA and elevations in MD at later ages, indicating resolution of cytotoxic edema, but the establishment of long-term diffuse degenerative changes such as Wallerian degeneration, astrogliosis, and myelin degeneration. An interesting finding of our study was that high FA in the right frontal white matter at onset was associated with low DQ at 24 months. This suggests the prognostic value of early frontal diffusion changes for cognitive outcomes. This finding was corroborated by TSA in our study, although the tract-based correlations did not remain statistically significant after FDR correction. TSA appears predictive of shortterm developmental outcomes in individual patients with WS of unknown etiology, particularly with assessment of the UF. The UF connects the anterior temporal lobe to the orbitofrontal cortex. Previous DTI studies involving patients with Alzheimer's disease and schizophrenia have suggested that abnormalities of UF connectivity are associated with severe memory impairment and reflect the severity of cognitive dysfunction. 19, 37 On the other hand, trends toward negative correlations between FA at onset and DQ and positive correlations between FA at 24 months old and DQ in the right ILF may indicate short-term developmental outcomes in WS. The ILF connects the occipital lobe to the inferior temporal cortex and amygdala. Kiuchi et al. 17 showed reduced FA in the ILF among patients with dementia with Lewy bodies, and reported that disturbance of these tracts could result in visual-specific semantic, emotional, or memory deficits. Moreover, a TBSS study in patients with autism spectrum disorders revealed the UF and ILF as disease-associated fibers. 38 Consistent with those studies, our results may provide additional evidence that abnormalities of these fiber tracts or fiber connectivity also play significant roles in cognitive or behavioral functioning in WS. Several limitations must be considered when interpreting the present findings. First, the sample size was relatively small. Second, the number of fiber tracts studied on TSA was limited. Fibers connecting with the parietal lobe and thalamocortical fibers would presumably reveal a greater variety of abnormalities. However, analysis of these fiber tracts in infants is difficult using DTI with only a 12-axis diffusion-encoding gradient. Third, some inconsistencies were evident between TBSS and TSA analysis. TSA calculates the average value for each tract, including distal parts with low FA values, 8 thus underestimating FA values.
Fourth, no pathological evidence has yet supported the existence of cytotoxic edema in the brain during the acute encephalopathic period in WS. Finally, further long-term observations are needed to clarify the effects of microstructural changes to the white matter on cognitive functions.
In conclusion, patients with WS of unknown etiology show specific findings of elevated FA and reduced MD at onset, and reduced FA at later ages. The present study leads to the suggestion that continuous widespread epileptic activities at the onset of WS may cause cytotoxic edema in the immature white matter and dorsal brainstem. Microstructural development in the UF might play an important role in cognitive functioning in patients with WS.
